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Chapter 1
Abstract
Proton therapy boasts numerous advantages over photon techniques including highly
conformal dose distribution with a smaller integral dose, a reduction of dose to
normal tissue and no exit dose. However, despite these positive properties, protons
have the ability to produce unwanted dose outside the primary radiation field that
has the potential to produce secondary cancer in the patient. This undesired dose is a
result of primary particle interactions (either with beam modifying devices or inside
the patient) producing secondary particles such as neutrons. Secondary neutrons
pose a threat to patients as it provides additional dose outside the treatment site.
Nowadays there is a strong need for a detector that is capable of distinguishing the
dose delivered by the primary proton beam and the associated secondary neutron
field. Therefore an investigation of a detector system that can classify particles in
mixed radiation fields is very beneficial for out-of-field proton therapy studies.
This thesis evaluates the suitability of silicon PIN diodes and ∆E-E detectors
for use in proton therapy measurements by means of dedicated Geant4 simulations.
In the GEANT4 simulation study a 150 MeV proton beam was modelled normally incident upon a lucite phantom. The physics interactions used in the simulations were chosen based on previous work by Jarlskog and Paganetti [50], which
evaluated the most suitable Geant4 physics models for Monte Carlo simulations of
proton therapy.
Monte Carlo simulations of silicon PIN diodes were performed to observe the
behaviour of secondary neutrons out-of-field originating from the primary protons
beam. In particular such studies were performed to calculated displacement Kinetic
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Energy Released per unit Mass (KERMA) as a function of the distance from the
edge of the primary field. The displacement KERMA is determined by investigating
the non-ionising energy loss (NIEL) response of the silicon detectors outside the
primary field.
The shape of the spectra detailing the secondary neutron energy fluence remains
the same for all three lateral detector positions. The fluence and energy of the
secondary neutrons was seen to decrease as the distance from the incident beam
increases. Displacement KERMA was also found to reduce with increasing distance
from the field edge. The energy of the secondary neutrons decreases, which should
ultimately result in an increased displacement KERMA. Instead the displacement
KERMA decreases as a consequence of the diminishing neutron fluence out of field.

A monolithic silicon ∆E-E telescope detector was also investigated in this thesis.
This detector system offers crucial two-dimensional information on the linear energy
transfer (LET) of the particle. It also provides identification of particles based on
energy deposition collected in coincidence throughout the ∆E and E stages of the
detector, giving the ∆E-E telescope detector an advantage over other detectors.
This detector is ideally implemented in proton therapy as it has the unique ability
to identify the different components of a mixed hadronic field. This is particularly
important when studying the risk of second cancer in tissue and organs that lie
outside the gross treatment volume. This thesis aimed to validate the GEANT4
application by performing preliminary simulations and qualitatively comparing the
results with experimental results carried out at Loma Linda Medical Centre USA
by A. Wroe elal [58].
Results obtained by the Monte Carlo simulations show high energy deposition
around the area of the Bragg Peak resulting from incident particles possessing an
increased energy transfer in this region. The coincidence plots produced also display
an area of low energy secondary neutrons that are a result of primary interactions
within the lucite phantom.
This work shows a good qualitative agreement between results of the GEANT4
simulation and the reference results. A quantitative analysis goes beyond the scope
of this thesis and is recommended to be performed in the near future.

2

The validation work, stated in this thesis, will allow quantifying the accuracy
of the results deriving from the simulation. It will also allow use of this GEANT4
application to characterise the behaviour of the ∆E-E telescope out-of-field, as this
have never before been done.
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Chapter 2
Introduction
2.1

Purpose of Work

A severe by-product of proton therapy is the production of damaging secondary
neutrons. As a result of the their neutral charge, neutrons are able to travel further
through a medium before interacting. This creates the issue of energy deposition
outside a treatment site in relation to cancer treatment with proton therapy.
The purpose of this work was to explore the suitability of silicon PIN diodes
and ∆E-E telescope detectors to distinguish different types of particles in a proton
beam mixed radiation field, both in-field and out-of-field. As part of this thesis I
developed
This chapter is dedicated to the introduction of proton therapy, its interactions
with matter
As explained in further detail later in the thesis, neutrons deposit energy via
processes such as elastic scattering and nuclear reactions. The charged particles,
in turn, deposits energy to the surrounding medium. The issue raised in this investigation is the distinction between the energy deposited solely by the charged
particle and the energy deposited by the charged particle that is a result of energy
transferred from an uncharged particle such as a neutron.

4

2.2

Radiation Interactions in Proton Therapy and
the Production of Secondary Particles

2.2.1

Proton Interactions

Protons have various interaction mechanisms as they traverse a medium. As a
result of their charge, protons interact with atomic electrons and nuclei via coulomb
interactions. At the same time protons are also able to undergo hadronic interactions
including elastic and inelastic scattering. The Bethe-Bloch formula, equation 2.1,
calculates the stopping power of a primary proton and essentially describes the
energy loss of protons with matter [46]
dE
4πe4 z 2
=
NB
dx
m0 v 2

(2.1)

2m0 v 2
v2
v2
− ln(1 − 2 ) − 2 ]
I
c
c

(2.2)

−
Where
B = Z[ln

In this expression, v and ze are velocity and charge of the primary particle, N
and Z are the number density and the atomic number of the absorber atoms, m0 is
the electron rest mass, and e is the electronic charge. The parameter I represents
the average excitation and ionisation potential of the absorber. For nonrelativistic
particles (v<<c) only the first term in B (equation 2.2) is significant.
An elastic interaction is between the electric field of both the heavy charged particle and the target nucleus. Following an elastic interaction, the proton is scattered
at an angle proportional to its initial energy. The scatter of the target nucleus is
also dependent on the initial energy of the system and the size of the target nucleus. Energy is transferred from the incoming proton to the target nucleus, while
conservation of energy and momentum is obeyed [32].
Inelastic collisions directly interact with the target nucleus and, unlike elastic
interactions, produce secondary particles. An inelastic interaction leaves the target
nucleus in an excited state. For the nucleus to return to a stable state, it must
eject particles from its nucleus. Secondary particles such as neutrons and gamma
radiation resulting from such interactions are of notable concern in proton therapy
as they have the ability to deposit unwanted energy (dose) to regions that are
5

outside the treatment site [32]. Protons can also undergo nuclear reactions, figure
2.1 illustrates the contribution of both nuclear and electronic interactions of protons
when traversing water.

Figure 2.1: Illustrates the contribution of nuclear interactions and electronic interactions when a proton travels through water [47]

2.2.2

Neutron Interactions

Neutrons can undergo nuclear, elastic and inelastic reactions. In the case of elastic
scattering the neutron is deflected and the energy lost by the neutron in the collision
is transferred to the recoiling nucleus, given by the expression 2.3.

ER =

4A
(cos2 θ)En
2
(1 + A)

(2.3)

In equation 2.3, A represents the mass of the target nucleus, E0 is the incoming
neutron kinetic energy, ER is the kinetic energy of the recoil nucleus and θ is the
scattering angle of the recoil nucleus [46].
From equation 2.3 it can be seen that the energy given to the recoil nucleus is
uniquely determined by the scattering angle.
The energy transfer is greatest when the mass of the target nucleus is least, for
example when a hydrogen nucleus is the target [32]. The interaction between a
6

neutron and a hydrogen nucleus is symbolically portrayed as 1 H (n, n) 1 H.
As stated by Greening [32], inelastic neutron collisions represent circumstances
where a neutron becomes temporarily captured by a nucleus. The neutron exits the
nucleus with reduced energy leaving it in an excited state, with the emission of a
gamma-ray the nucleus then returns to ground state. A common example of this
interaction is a neutrons collision with oxygen, represented by
gamma-ray of energy 6.1 MeV is emitted by

16

16

O (n,n)

16

O*. A

O* [32].

Nonelastic collisions represent interactions of neutrons that do not produce a
neutron, i.e. an example of such an interaction is

16

O (n, α)

13

C. In elements such

as carbon, oxygen and nitrogen both the inelastic and nonelastic processes have an
energy threshold ranging from 4 MeV to 12 MeV [32]. As the energy exceeds the
threshold, the interaction cross-section rises sharply and by energies of 10 - 15 MeV
a rather constant cross-section has been achieved.

2.2.3

Importance of Neutron Interactions with Biologically
Relevant Elements

Nuclear interaction cross sections of neutrons depends strongly on the energy of the
projectile. This section analyses the interactions within up soft tissue. Soft tissue
consists of hydrogen (H), carbon (C), oxygen (O) and nitrogen (N). For neutrons
with energies between 100 eV and 20 MeV, the most important interaction is elastic
scattering by H [32]. Despite the fact that only a small percentage of soft tissue
is composed of H, the reaction 1 H (n, n) 1 H accounts for 70% of initial energy
transfer for a 18 MeV neutron [32]. Therefore, highlighting the need for dosimetric
materials used in neutron dosimetry to have a very similar H content to the tissue
it is simulating.
Elastic scattering by O, C and N are the next in line of importance in regards
to neutron interactions, with O being the most important followed by C and then
N. When neutron energies reach approximately 10 MeV, inelastic and nonelastic
interactions become equally as important, producing nuclear recoils.
The charged particles released by neutrons have only a very small range. As
stated by Greening [32], a 20 MeV neutron will only produce a recoil proton with
energy 10 MeV, a proton of such energy will travel no further than 1.2 mm in water.
7

Therefore illustrating that the energy transferred to a charged particle by the initial
neutron will be absorbed locally (very close to the point of initial interaction).
In large volumes of tissue, scattered neutrons experience multiple scatterings
that results in them becoming thermal neutrons. Neutrons of thermal energies have
the ability to release a proton with energy 0.62 MeV, ultimately depositing this
energy close to where it was created. A reaction that epitomises this process is
9n, p)

14

14

N

C. [32].

Another interaction evident at low neutron energies, that releases a 2.2 MeV
gamma-ray, can be described by 1 H (n, γ) 2 H. A result of inelastic and nonelastic
interactions, at high neutron energies, is the presence of de-excitation gamma-rays.
Therefore the gamma-rays produced by the 1 H (n, γ) 2 H reaction will contribute to
the overall gamma-ray flux. Such gamma-rays are more than likely to be absorbed
in a tissue volume that is as large as a human, hence depositing dose to soft tissue.

2.2.4

Neutron Interactions in Silicon

Neutrons with energies greater than 200eV incident on silicon crystal structures
cause displacement of the lattice atoms [2]. Damage caused by neutron interactions
occurs along the tracks of recoiling charged particles, specifically at the ends of these
tracks [3]. A significant concern for quality control in a radiation environment is the
practical measurement of non ionising energy losses (NIEL) in proton and neutron
radiation fields [4]. Bulk radiation damage in silicon semiconductor devices are a
result of the displacement of the atoms from their original site, the dose associated
with NIEL is responsible for atoms displacement in silicon. In terms of NIEL, such
effects on a device can be described using the term displacement KERMA (kinetic
energy released per unit mass), this will be discussed in further detail in section
2.5.1.
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2.3

Proton Therapy

2.3.1

Background and Rationale

In 1946, Robert Wilson first proposed the use of protons for cancer treatment [5].
This hypothesis was based on the advantageous dose distribution that protons have
due to their physical characteristics [6]. With such a significant development, proton
therapy cancer treatment was born. Proton therapy largely differs from traditional
photon radiotherapy due to the finite range than can be achieved, reducing harmful
irradiation of structures beyond the treatment volume, i.e. no exit dose. This varies
greatly from traditional x-ray therapy that irradiates more healthy tissue in order
to achieve the same dose conformity as proton therapy.
Proton therapy continuously developed throughout the 1960’s all the way through
to the 90‘s and is a fast advancing modality in the realm of cancer therapy, delivering
lower integral doses that other radiotherapy modalities.
The success of proton therapy is based on its high comformality with respect
to other radiation treatment therapies such as x-ray therapy [7]. The Bragg peak
in proton therapy is followed by a sharp distal fall off, limiting the amount of dose
deposited beyond the protons full range. However, this rapid reduction of dose
deposition requires extreme caution when determining the position of the Bragg
peak as a slight inaccuracy in penetration depth can result in inadequate dose to
the tumour while overdosing surrounding healthy tissue.
As a result of the high comformality of proton therapy the impact of delivery
uncertainties is far more pronounced [9]. Such aspects of treatment planning that
require careful consideration include patient set-up and orientation, organ movement
and dose calculations.
Figure 2.2 illustrates the improved dose conformity and precision possible with
proton therapy. The range of a pristine (single energy) proton beam through matter
is heavily dependent on the initial energy of the beam. A Spread Out Bragg Peak
(SOBP), also illustrated in the figure, can be generated by the addition of several
pristine Bragg peaks of varying energies (and depths) to allow for complete tumour
coverage.
Protons demonstrate a relatively low energy loss per unit path (ionisation den-
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sity) at the entry point that only slowly increases as the beam reaches its maximum
range. At the end of the beam range there exists a narrow region of high ionisation
density known as the Bragg Peak. The position of the Bragg Peak can be adjusted
to correspond to the depth of the tumour by altering the initial beam energy. Figure 2.2 also compares the proton depth-dose distribution to a photon beam, the
conventional form of radiation treatment used today. It clearly shows a substantial
amount of additional dose after both before and after the tumour site. This effect,
unfortunately, greatly reduces the conformity of the treatment when using a single beam that ultimately results in unwanted irradiation of healthy tissues residing
around the treatment volume.

Figure 2.2: Depth Dose distribution for a SOBP (red) in comparison to a Pristine
Bragg Peak (blue) and a photon beam (black). SOBP dose distribution is generated through the superposition of individually modulated pristine Bragg Peaks of
different energies and the most distal, energetic Peak determines its range. This
superposition allows for the deposition of a homogenous dose in the target volume
using just a single proton beam direction. Also note the lack of dose behind the
Bragg peak in both the Pristine and SOBP case [8].
The majority of tumours, however, are too big to be treated with a single pristine
Bragg Peak, thus in order to deliver uniform dose to the entire volume of the tumour,
proton therapy utilises a Spread Out Bragg Peak (SOBP), as shown in figure 2.2
[11].
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This method delivers a homogenous dose to the target volume with less dose
distal to the target. Once again improving the dose conformity and permitting
treatment close to critical structures, an area where photon therapy often fails [12].
However, the production and use of a SOBP comes at the expense of increased skin
irradiation in comparison to a pristine Bragg Peak and in some cases conventional
photon therapy, also seen in figure 2.2 [13]

Figure 2.3: The image on the right portrays the dose distribution from an Intensity
Modulated Proton Therapy (IMPT) plan, while the image on the left is a corresponding dose distribution for the step and shoot Intensity Modulated Proton Therapy
(IMRT) plan [15]
As stated, Proton therapy demonstrates many advantages including reduced
dose delivered beyond the Bragg peak and tumour region. Even though a small
amount of dose is deposited by secondary particles in this region, it is a notable
improvement over photon radiotherapy. The need for a fewer number of treatment
beams in proton therapy also adds to their advantageous nature. An average IMRT
prostate treatment plan requires 6-8 different beam orientations to provide sufficient
tumour coverage. A proton prostate treatment requires only 2 beams to provide the
same tumour control, as seen in figure 2.3 [15]. Unfortunately, at times, this is
counteracted by the increased skin dose deposited as a result of the fewer number
of beams used [14].

2.3.2

Secondary Neutrons

A challenge present in proton therapy is the production of highly energetic secondary
particles, in particular secondary neutrons. According to [24], 19.6% of the primary
11

protons travelling through water undergo a nuclear interaction as they slow down.
Each primary proton nuclear interaction for a 160 MeV proton beam produces on
average 1.8 protons, 0.63 neutrons, 0.38 alpha particles and very little amounts of
recoil deuterons, helium atoms and tritons. The majority of produced secondary
neutrons have an energy of 20 MeV or less. Neutrons with such energies are known
as fast neutrons and possess a high LET, thus posing a threat to tissue and structures
that lie outside the treatment site. The high LET of these fast neutrons makes them
extremely efficient at transferring dose, thus far more likely to cause cell death than
low LET particles, such as photons.
The human body is made up of approximately 70% water [25], each water
molecule contains two hydrogen atoms. Secondary neutrons have a very large probability of interacting with the protons that make up these water atoms. The secondary neutron interacts with the proton transferring energy, the energetic proton
consequently causes direct ionisation to the surrounding tissue.
Neutrons primarily act through the liberation of protons in nuclear reactions,
with a high probability via the (n, pn) reaction, mostly in nitrogen [42]. This is
noticeably the dominant reaction with 27% reaction probability per incident proton
in the first 20cm out of field [24]. For neutron energies above 10−4 MeV, the vast
majority of the Kinetic Energy Release per Unit Mass (KERMA) is attributed to
elastic scattering of hydrogen nuclei [42].
Origin of Secondary Neutrons
In proton therapy, hazardous secondary neutrons can originate as a result of two
main factors:
1. Secondary neutrons are predominantly produced as a result of inelastic nuclear interactions with the beam modifying devices, such as the collimators. The
passive beam delivery technique (as described in section 2.3.4) provides considerable production of high-energy secondary neutrons. These are largely due to patient
specific collimation as well as scattering foils and modulators.
2. Proton nuclear interactions (primarily via elastic interactions) within the
patient also generate secondary neutrons. Unfortunately, this process is unavoidable.
Neutrons are of vital concern as they are known to have the ability to carry en-
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ergy far from the primary site of interaction as well as possessing a greater capability
of producing radiation induced cancers [11].

This study aims at investigating the effect of the secondary neutron field, generated by the nuclear interactions of protons within the body, by means of a Monte
Carlo study. Therefore, it is important to define what is considered in-field and
out-of-field. Structures in the direct path of the primary proton beam, i.e. those
that come in direct contact with the incident beam, are known as in-field interactions. Alternatively, structures that are not in the direct path of the primary
beam but experience energy deposition via secondary interactions, are considered
out-of-field. Figure 2.4 visually illustrates the differentiation between infield and
out-of-field structures.

	
  
Figure 2.4: Through the use of a passively delivered proton beam, this illustration
classifies in-field and out-of-field regions. The area surrounded by the purple line
indicated but the black in-field arrow constitutes the section of the phantom in which
experiences in-field interactions. The remaining area of the phantom, as signalled by
the dark grey out-of-field arrow, represents the area where out-of-field interactions
occur [26]
Secondary neutrons, photons, nuclear recoils and scattered protons, largely dominate the out-of-field region in proton therapy. It is important to note when considering the out-of-field dose deposition, that the majority of dose delivered close to
the field edge is primarily due to scattered primary protons. As distance from the
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field increases, the dose deposited becomes largely a result of secondary neutrons
and nuclear recoils [27].

2.3.3

Beam Production

To generate suitable therapeutic radiotherapy protons, the following method is implemented. It begins with hydrogen atoms being stripped of their electrons as they
are directed through a carbon foil. This foil has the ability to move in three different
directions to control i) the energy of the proton, ii) the centre of the beam and iii)
the intensity of the beam. The protons are then injected into an accelerator where
they are accelerated by high frequency alternating electric fields to a desired energy.
In order to maintain practical treatment times, the average beam current should be
no less than 10 nA [16].
There are three main types of accelerators used in proton therapy, the linear
accelerator, cyclotron and synchrotron. The cyclotron is a fixed-energy accelerator
that has the ability to produce beam currents far greater than what is required for
proton therapy [16]. The synchrotron has the ability to produce proton beams of
varying energy and, in comparison to the cyclotron, uses less energy and is lighter
[16]. The linear accelerator has adequate beam output necessary for proton therapy
and delivers beams of variable energy by extracting the beam at various stages of
acceleration.
As the protons enter the accelerator their energy is increased to approximately 7
megavolts (MeV) [17]. The boosted protons are then further accelerated to achieve
the required therapeutic energy levels ranging from 70 MeV to 250 MeV. This energy
range is implemented as it provides protons with enough energy to penetrate to any
necessary depth within a patients body [18]. The beam then passes through a series
of magnets that shape, focus and direct the beam to the desired destination such as
individual treatment rooms.

2.3.4

Beam Delivery Techniques

The magnitude of secondary neutron production in proton therapy is directly related to the treatment plan and is strongly dependent on the size of the radiation
field, the energy of the incident protons and other variables including patient geom14

etry [19]. The actual dose delivered by neutrons depends strongly on the geometry
of the beamline, with different geometries producing different doses. Experimental results for secondary particles, such as neutrons, in proton therapy vary greatly
among clinical facilities. This is largely due to the different beam delivery techniques implemented as well as the measurement procedures employed. There are
two predominant delivery techniques employed in proton therapy, passive and active
delivery.
As previously stated, most tumours treated by proton beams require a SOBP.
The most common method of generating a SOBP involves a progression of steps to
laterally and distally spread the beam. Such a technique involves the addition of
scattering materials and collimators to be introduced into the beam line [20]. This
process is namely labelled Passive Scattering.
Passive Scattering
The passive scattering technique relies heavily on multiple coulomb scattering inside,
usually 2, scattering foils [73] to spread the beam laterally. While a range-shifter
wheel is implemented to generate the spread-out Bragg Peak (SOBP). Figure 2.5
illustrates the typical passive scattering system. The range compensator and collimator shape the beam to the lateral extent and distal surface of the target volume.

	
  
Figure 2.5: A schematic of passive delivery for a proton pencil beam. This image
shows a proton beam scattered by a double system of scattering foils and range
shifter, along with the use of a bolus to conform the distal edge of the proton beam
to the distal edge of the target volume. [21]
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The range shifter is engaged to modulate the energy of the incident beam to
deliver the dose to the desired depth. The scattering devices, introduced above, then
tailor the beam to the shape of the tumour by widening its angular distribution.
The first scatterer creates a gaussian profile of the dose distribution, the second
scatterer then converts the gaussian dose into a uniform distribution that covers the
entire target area. The scattering foils together ensure a uniform, flat lateral dose
profile that is essential for proton therapy.
Active Scanning
A novel proton therapy technique, with the goal of reducing the secondary particle
field in the patient, involves the use of deflecting magnets that sweep the beam across
the patient (as seen in figure 2.6), thus eradicating the need for added collimators
and scatters in the majority of cases. This process is known as active scanning.
At present, active techniques are used mainly in research institutes with only a few
hospital based facilities currently employing this technique. However, this method
of beam delivery is becoming increasingly popular.

	
  
Figure 2.6: A representation of spot scanning illustrating how the use of superposition of multiple Bragg Peaks or hot spots can be implemented to generate a uniform
dose over a predefined volume of irregular shape [21]. From left to right: dose profile from a single proton pencil beam; lateral sweeping or superposition of multiple
peaks; range altering or change of beam energy; concluding conformal dose to target
volume. Courtesy of PSI [22]
Prior to the delivery of proton treatment using spot scanning, a CT scan of
the patient is performed. The information obtained by the scan is imported into
the treatment planning software where it calculates all possible Bragg Peak regions
within the target volume. The data obtained by the treatment planning system
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is then manually verified by Medical Physicists and a patient appropriate plan is
developed (without the need for external beam modifiers).
The main motivation for implementing such a technique is to reduce as much
as possible the risk of the patient developing second cancer. Therefore limiting
the neutron field, produced by protons in the beam modifying elements of passive
delivery, reaching the patient.

2.4

Phantom Composition

When defining a suitable phantom material, ICRU report 44 declares ‘Tissue substitutes are often mixtures formulated so that their radiation interaction properties
rather than their atomic composition, match those of body tissue to a degree necessary for the specific application’.
All simulations executed throughout this thesis used the same phantom composition, lucite. As explained in section 2.5.2, lucite was chosen as it is currently the
most used for hadron therapy experimental dosimetry.
Table 2.1 shows the chemical composition of lucite and various tissue compositions. As stated by Greening [32], the biologically important elements are carbon
Table 2.1: Chemical Composition of various mediums. Tissue Compositions as per
ICRP 75 [55], lucite composition taken from [54]
Material
H
C
N
Lucite 8.05 59.98
Adipose 11.4 59.8 0.7
Brain
10.7 14.5 2.2
Muscle 10.2 14.3 3.4

O
P Na S Cl K
31.96
27.8
0.1 0.1 0.1
71.2 0.4 0.2 0.1 0.3 0.3
71.0 0.2 0.1 0.3 0.1 0.4

Density (g/cm3 )
1.19
0.95
1.04
1.05

(C), oxygen (O) and nitrogen (N).
As lucite does not consist of nitrogen, the important elements for inelastic reactions are carbon and oxygen.
Fast neutrons lose energy in a series of scatter events, mostly elastic scatter. The
dominant element where elastic interactions occur is hydrogen. The cross-section of
neutron interactions with hydrogen is a function of its energy, as seen in figure 2.7.
This figure clearly shows elastic interactions as the dominant reaction in hydrogen.
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Figure 2.7: This above image details the principle cross sections for proton interactions with hydrogen [10]
The interaction cross-sections in figure 2.8 provide a representation of the individual nuclei recoils produced for reactions that exceeds a cross-section of approximately
1 nb at any energy within carbon and oxygen [10].
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(a) Proton interaction cross-section with carbon

(b) Proton interaction cross-section with oxygen

Figure 2.8: The two data plots above illustrate proton interaction cross-sections with
the biologically relevant elements of lucite (carbon and oxygen). The cross-sections
are provided in units of Barns [10].
19

2.5

Silicon PIN Diodes

The structure of a silicon PIN diode shown in figure 2.9 consists of a layer of intrinsic
silicon sandwiched between a p-type and n-type layer on each side. It can be assumed
in such a detector system that the electron concentration in the n-type layer is equal
to the hole concentration in the p-type layer. The silicon PIN diode used throughout
this thesis is a wide-based diode with a large intrinsic layer in comparison to both
the p- and n-type sections. The detection efficiency of the silicon PIN diode is a
function of its thickness, while its sensitivity depends on the properties of the diode
and its geometry [28]

Figure 2.9: Schematic diagram of a wide-based silicon PIN diode.
When a silicon PIN diode is exposed to neutron radiation, energy is absorbed
by the elements of the lattice structure. If the energy absorbed is large enough, i.e.
larger than the energy gap Eg (>1.1 eV for silicon), an electron-hole pair is generated. If the absorbed energy is sufficiently larger (>15 eV) [29] the interactions
with the lattice of the silicon PIN diode can eject atoms from their equilibrium sites
ultimately producing defects. The image in figure 2.10 shows the cascade effect of
a single collision in a bulk of silicon. The defects are produced along the tracks of
secondary particles and in clusters at the end of their tracks, also seen in figure 2.10.

The sensitive parameter of a silicon PIN diode subject to nuclear radiation is
the lifetime of excess electrons and holes [37]. The introduction of defects into the
lattice as described above is ultimately the introduction of recombination centres in
the silicon lattice. As these recombination centres increase in number, the carrier
lifetime decreases. This is a direct result of more carriers recombining at the site of
the lattice defect.
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Figure 2.10: Illustration of displacement damage in silicon as a result of energy
deposition along the tracks of secondary particles and the energy deposited in clusters at the end of their range. 50 KeV recoil energy spectrum is typical of what is
produced by a 1 MeV neutron or high energy proton. The threshold displacement
energy in silicon is 21 eV.[35]
Neutron irradiation decreases the carrier lifetime according to equation 2.4:
1
1
=
+ Kτ Φ,
τ
τ1

(2.4)

where τ is the carrier lifetime after irradiation, τ 1 is the initial carrier lifetime, Φ
is the neutron fluence and K is the damage constant that is a function of neutron
energy and the initial resistivity of the silicon.
This degradation of carrier lifetime effectively alters the performance of the PIN
diode, increasing the forward voltage across the base of the diode at a constant
current (providing high injection levels i.e. large current). At intermediate injection
levels (medium current) the resistivity of silicon will also affect the carrier lifetime
and must be considered when examining the forward voltage shift. Equation 2.5
accounts for the effect neutron radiation has on the resistivity of the silicon PIN
diode.
−1

ρ = ρ0 eKρ
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Φ

(2.5)

where ρ is the resistivity after neutron bombardment, ρ0 is the initial resistivity of
silicon, Φ is the fast neutron fluence, K is a coefficient with a value between 387
and 3300 depending on the material. For high level injection, the contribution of
resistivity to the change in forward voltage can be neglected [36].

Swartz and Thurston discovered the relationship between neutron radiation damage to silicon PIN diodes and the changes in the current-voltage (IV) characteristic
[37]. Also concluding that the overall change in the forward voltage across the diode
is largely affected by the change in voltage over the base of the diode.
Figure 2.11 illustrates the change in forward voltage before and after neutron
irradiation. The larger the neutron dose the larger the forward voltage shift.

Figure 2.11: Picture courtesy of Swartz and Thurston [37] detailing their results of
increasing forward voltage with increasing irradiation.
The forward voltage shift is proportional to the displacement KERMA in silicon
resulting for the incident radiation field, i.e. neutrons. It is this principle that
supports the implementation of silicon PIN for neutron dosimetry.
Silicon PIN diodes are effective dosimeters for neutron irradiation since they are
far more sensitive to neutron damage than any other particle, particularly gamma
and proton. In terms of displacement KERMA in silicon, protons produce a similar
response to neutrons. However, in terms of tissue-equivalent dose, the diode damage
response is asymmetric, as shown in figure 2.12. This notion has been proved by
Ziebell et al [38] who found for energies relevant to proton therapy, the ratio of
neutron displacement KERMA in silicon to proton displacement KERMA in silicon
per unit absorbed dose in tissue is in the range of 10-100. Figure 2.12 demonstrates
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displacement KERMA in silicon per unit absorbed dose in tissue for both neutrons
and protons, clearly showing the neutron displacement KERMA in silicon is 10-100
times greater than proton displacement KERMA for an equivalent absorbed dose
in tissue. Therefore illustrating that silicon PIN diodes are far more sensitive to
neutrons than protons when operated in forward voltage.

Figure 2.12: Neutron and proton displacement KERMA in silicon per unit dose
absorbed in tissue. Showing that the displacement KERMA in silicon for neutrons
is 10-100 times greater than protons for an equivalent dose. Courtesy of [38].
Similarly, silicon PIN diodes are more sensitive to neutron radiation than gamma.
This is due to the defects introduced by gamma radiation in the silicon lattice and are
point defects known as Frenkel defects [39]. Therefore a Frenkel defect, as produced
by gamma interactions in a silicon PIN diode, produces two defects in the lattice, a
vacancy and an interstitial defect. Hence, gamma interactions with the silicon PIN
diode effectively ionises the lattice.
It can be concluded that the response of the PIN diode is dependent on the
changes in carrier lifetime and resistivity to the base of the diode that is a direct
result of the accumulation of displacement damage. Subsequently, the PIN diode
response is insensitive to ionisation events.

This simulation study is aimed at investigating the bulk damage to silicon diodes
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in terms of neutron fluence. Such information is crucial since the displacement
damage in silicon, explained in this section, is significantly dependent on neutron
energy [34].

2.5.1

KERMA

This simulation study is aimed at investigating the bulk damage to silicon diodes in
terms of neutron fluence. Such information is crucial since the displacement damage
in silicon, explained in this section, is significantly dependent on neutron energy [34].
Kinetic Energy released per unit mass (KERMA) is defined by ICRU report 33
[40] as the sum of the initial kinetic energy of all charged particles released per unit
mass of a medium by interactions of uncharged particles (such as neutrons and photons). It includes the consequential energy loss of the particle by bremsstrahlung or
annihilation radiation, and the kinetic energy of charged particles that are produced
by other secondary interactions, such as Auger electrons [41].
KERMA is described as the quotient of dE tr by dm where dE tr is the sum of the
initial kinetic energies of all the charged ionising particles liberated by uncharged
ionising particles in a material of mass dm, as seen in equation 2.6:

K = dEtr /dm

(2.6)

The units of KERMA are Gray, Gy [32].
When an energetic neutron interacts with a silicon diode, energy is transferred
to the crystal lattice of the diode. If the neutron possesses enough energy, it will
have the potential to dislodge a silicon atom from its resting position in the lattice
structure generating a defect. If this defect remains present in the structure the
lattice is said to be permanently damaged. This effect is referred to as displacement
damage.
It has been proven that the amount of displacement damage in a silicon detector
is proportional to the lattice damage experienced after being placed in a radiation
field. Therefore, displacement KERMA is a representative of structural damage to
the crystal lattice of the silicon detector and is a result of incoming radiation.
Displacement KERMA is related to energy fluence, Φ, by equating it with known
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KERMA factors across the entire energy range, in the case of this thesis 0 - 150 MeV.
This is represented in equation 2.7:
Z

Emax

Φ(En )Kn (En )dE,

Ksi =

(2.7)

E=0

where the general units of Φ(E) are neutrons/cm2 , (Kn )E,Z represents the KERMA
factor values in units of cGy/neutron · cm2 and dE is expressed in terms of MeV.
Thus, neutrons of different energy fluence are associated with different KERMA factors and therefore will produce different levels of displacement damage within the
silicon diode.

Neutrons have a displacement damage cross section that is directly related to
its energy. KERMA determination involves the number of neutrons at a particular
energy multiplied by the displacement damage cross section, D, for that specific
energy. A plot for the displacement damage cross section can be seen in figure
3.6. For neutron energies above 10−4 MeV, the vast majority of the KERMA is
attributed to elastic scattering of hydrogen nuclei [42].
The computation of KERMA in a single detector is carried out by multiplying
the fluence of neutrons at a specific energy by its respective D. This is repeated
for each discrete energy level over the entire energy range. The total displacement
KERMA is then found through the summation of displacement KERMA for each
discrete energy, as represented by the integral in equation 2.7.
Obtaining the displacement KERMA in each silicon diode helps to achieve the
ultimate goal of this thesis of assessing the response of the silicon PIN diodes to
secondary neutrons and the damage they induce. Over a certain energy range neutron KERMA in silicon is proportional to neutron KERMA in tissue [38]. Ziebell et
al stated that for out-of-field regions, neutrons of energy 0.15 - 20 MeV dominate
the neutron fluence spectrum. For such energies the ratio of displacement KERMA
in silicon to displacement KERMA in tissue is comparably constant within 15%.
Therefore, justifying the use of silicon PIN diode throughout this thesis.
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2.5.2

Calculation of KERMA

KERMA coefficients are useful in estimating the absorbed dose in tissue resulting
from neutron interactions. By using such coefficients, the detector material is not
required to be tissue equivalent, as this is generally hard to obtain especially in
proton therapy investigations. Lucite phantoms are employed in these Monte Carlo
simulations in order to correspond to previous experimental investigations. Lucite
has also been chosen as it is currently one of the best available [15] and the most
common phantom material in hadron therapy.
The KERMA coefficients employed in this thesis were obtained using the information made available by A. Vasilescu and G. Lindstroem. These coefficients
included discrete energy levels over a large energy range. As the energy bins used
in this thesis were incremental bins of increasing energy, each 1 MeV wide, not all
levels were covered by this literature. Therefore, to obtain all the necessary energy levels required for the displacement damage calculations relevant to this thesis,
an extrapolation process from known values was completed. This process provided
corresponding KERMA cross sections for all the required neutron energies. The
displacement KERMA was computed for neutron energies between 0 to 150 MeV.
Figure 2.13 represents the KERMA coefficients as function of neutron energy for
elements boron (B), phosphorus (P), silicon (Si) and aluminium (Al). This thesis is
only concerned with the neutron KERMA coefficients of silicon.
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Figure 2.13: Neutron KERMA coefficients for B, P, Si and Al. [52]

Figure 2.14: Neutron KERMA coefficients for C, H, O and N. [52]
The neutron KERMA coefficients for carbon (C), hydrogen (H), oxygen (O) and
nitrogen (N) are shown in figure 2.14. When the neutron fluence at a certain point
of interest is known, KERMA is found through the product of the fluence and the
appropriate KERMA coefficient factors.
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Figure 2.15: Comparison of neutron KERMA factors for water, carcinoma, adenoid
cystic and muscle tissues. [52]
Figure 2.15 illustrates the neutron KERMA factors for specific tumour tissues
(carcinoma and adenoid cystic), with the addition of water and muscles tissue neutron KERMA factors for comparison purposes.
A telescope detector has the ability to identify particles and assess their LET
through operating both detectors in coincidence. The data attained by this detector
system is based on the energy depositions collection in coincidence within both stages
of the telescope detector.

2.6
2.6.1

∆E - E Telescope
Method of Operation

A ∆E-E telescope detector consists of two monolithic detectors placed in series.
These detectors have the ability to classify individual charged particles in a mixed
radiation field. The ∆E-E detector is a very unique device owing to its exclusive two
detector properties. Within the Monte Carlo simulations executed in this thesis, the
two detectors consists of silicon blocks with the E detector situated directly behind
the ∆E detector.
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The first detector, ∆E, has a thickness less than the range of the particle (generally 1µm). The second detector, the E detector, consists of a thickness that is
generally greater than the range of the particle, i.e. 500µm. When the whole telescope detector is larger than the range of the particle it can provide information on
the total energy of the particle.
A detector designed in this manner can be operated in two primary ways, by
either exploiting both detectors separately or collectively in coincidence. When the
detector system is operated individually the ∆E detector can function as a planar
microdosimeter. However, the main advantage of such a detector set-up is seen when
used in coincidence. When both the ∆E and E detectors are used in coincidence
mode, detailed information regarding the incoming field can be obtained.
The work covered in this thesis utilises a primary radiation field that consists of
high energy protons and the associated secondary particles. Therefore, the energetic
primary protons will traverse both the stages of the detector essentially making it
a ∆E-∆E detector. However, since the stages of each detector vary in thickness,
information on the nature of the beam can be gained. When operated in coincidence
the identification of any recoil protons or other nuclear secondaries produced is
possible.

	
  

ΔE-‐Detector	
  
E-‐Detector	
  

Figure 2.16: Schematic that illustrates the positioning of both the ∆E and E detectors.
The nuclear recoils generated by the incident particle entering the detector lose
a fraction of their energy in the ∆E-detector and, depending on the initial energy,
more energy in the E-detector. The energy lost in the ∆E-detector is proportional
to MZ2 , where M is the atomic mass and Z is the atomic number of the recoil
particle, as well as the initial energy of the incoming particle. This information
is particle specific and thus allows for the identification of the recoil particle [44].
An advantage of using telescope detectors over gaseous ionisation chambers is the
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improved energy resolution, particularly for lighter ions [45].
Equation 2.8 represents a relationship that concerns the stopping power of charged
particles. M and Z are as defined previously, E is the kinetic energy of the particle,
while A is a proportionality constant [1][46].
dE
M Z2 E
=A
ln
dx
E
M

(2.8)

This equation is restricted to nonrelativistic particles only.

2.6.2

Data Output

The signals, measured in coincidence from the ∆E and E detectors, are essentially
mapped on to a two-dimensional plane that illustrates the energy deposited in each
detector and graphed as a function of ∆E Vs ∆E+E energy depositions [48]. It is
these distinct energy depositions that allow for specific particle identification. Every
different charged particle will generate distinct events and occupy distinctive areas
on the plane, these areas are known as loci and are characteristic of the charged
particle that produced them. An example of different particle loci are displayed in
figure 2.17 [49].
The different thickness of the two stages in the telescope detector provides sufficient information on the nature of the beam at different points along the path of
the primary particle. The ∆E stage serves to provide information relating to the
energy lost by the particle as it traverses 1 µm of Si, i.e. its lineal energy. While
the combination of the ∆E+E detector will provide the necessary facts relating to
the total energy of the particle (regardless of whether the particle is completely
stopped in the detector or not). These particles would generate their own separate
loci and thus can be individually mapped on a coincidence plot. Therefore providing
identification of the recoil protons and/or other nuclear secondaries produced.

30

Figure 2.17: Demonstrates an example of different two-dimensional ∆E - E plot
produced by different charged ion species [49]
Thus, equation 2.8 directly illustrates that for two charged particles with the
same energy but differing MZ2 values, the loci produced for each particle will be
completely distinctive from one another.

2.7

Geant4 Simulations

The Monte Carlo method utilises random number generation to compute results of
complex calculations. Such a method is widely used in areas of radiation physics
from high energy physics to medical physics and space science. In particular the
Monte Carlo method is widely used to characterise novel detectors in experimental
setups that are of particular interest.
The Geant4 toolkit [19] used in this work was born in the 1990’s as a CERN
project. It has since been developed to be a general purpose Monte Carlo code
employed in radiation physics studies, coupling advanced functionality in geometry
with physics modelling. Geant4 is a Monte Carlo toolkit that is Object-Orientated
and, due to its ability to perform both high and low energy physics simulations, is
widely used in the medical and radiation protection realms [19].
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The aspect of Geant4 that makes it increasingly attractive as a simulation toolkit
is its ability to perform simulations that focus on a wide variety of particles, energies
and detectors. At the core of this software system are numerous alternative and complementary physics models that are implemented to describe particle interactions
across a wide energy range, with the added advantage of Geant4 being continuously
developed and refined. With the aid of the many physics models incorporated into
Geant4, the user is able to completely customise a simulation to the specific needs
and requirements of any investigation.
To obtain accurate Monte Carlo simulation results, the simulation set-up must
reflect, as closely as possible, real world circumstances in terms of incident radiation
field, description of physics interactions and an accurate experimental set-up model
in terms of materials and geometrical components.
In this thesis Geant4 has been adopted to investigate the silicon PIN diode and
the ∆E-E detector.

2.7.1

Development of the Geant4 Simulation Applications

The goal of this simulation study is to model the secondary radiation field resulting
from proton therapy in a lucite phantom at various distances out-of-field for the PIN
diode study and in-field positions for the ∆E-E study. The GEANT4 applications
developed for this thesis model the generation of neutrons in the patient only, i.e.
essentially approximating an active beam (as described in section 2.3.4). The energy
of the incident proton beam is 150 MeV, a common beam energy for therapeutic
proton radiotherapy treatments.
The interactions of primary and secondary particles throughout the simulations
were described using the QGSP BIC GEANT4.9.2 physics list. This physics list
was chosen as it has been shown that it is the most accurate for use in the case of
proton therapy [50]. This particular physics list, as above, was identified by Z. Jarlskog and H. Paganetti (in a study published in 2008 [50]) as the most accurate for
hadron therapy studies in comparison to the alternative physics approaches offered
by Geant4.

As previously stated, the simulations studies in this thesis aim to investigate the
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response of the detector to neutron interactions only. An advantageous aspect of
the Monte Carlo offers coding that can be developed so that the detector models all
the interactions of the simulation but only retrieves the neutron interactions. The
section of the code that defines the selection of a specific interaction is shown in
Appendix A.
By coding the application to only retrieve interactions by neutrons, the result
analysis be can neutron specific and independent of any other particle.

2.7.2

User Actions

When implementing a Geant4 application, the user must implement his/her own
C++ application where physics processes, detector geometry and radiation fields
are defined. The subsequent sections depict the classes that are necessary in the
development of a Geant4 application.
It is essential when developing a Geant4 application to decide what physics
processes are important and necessary to the specific investigation, this enables the
user to customise the code to the specific needs of the investigation. There exists
a few main user classes that are mandatory or optional in all Geant4 applications,
these include the following:
• Physics List
• Detector Construction
• Primary Generator
• Run Action
• Event Action
• Stepping Action
The first three classes listed are mandatory classes in which a user must base
his/her application on. The remaining classes are optional and allow the user to gain
control of the simulation at different levels. These components of the simulation allow the user to develop a Geant4 application satisfying his/her user requirements.
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The following subsections will provide further information on each Geant4 application component [51].
Physics List
G4VUserPhysicsList is the base user class, managing the physics component of the
application. Here the particles, physics processes and cuts are defined.
The cut is the threshold of production of secondary particles produced by electromagnetic interactions ands is expressed in terms of range. Secondary particles
that emerge with a range smaller than the cut are not tracked and their energy is
considered as local energy deposition. In the other case, when the range is bigger
than the cut, secondaries are tracked in the geometry.
The cut must be fixed to reach a good compromise between computing simulation
time and accuracy of the results deriving from the simulation.
In Geant4 it is also possible to define different ranges for different geometrical
components of the experimental set-up (cuts per region).

The cuts per region were adopted in my GEANT4 simulation study as they
reduce the simulation time without compromising the accuracy of the results derived
from the simulations.
Detector Construction
G4VUserDetectorConstruction is the class managing the experimental setup in terms
of geometry and material composition. This user package also provides the ability
to model radiation transport in electromagnetic fields.
Primary Generator
G4VUserPrimaryGeneratorAction is the class that manages the definition of the
incident radiation field. In this class the user defines all aspects including the initial
position, direction and energy.
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Run Action
The G4UserRunAction is the class that allows the user to have control of the simulation at the beginning and at the end of each run. This class provides the user
with the ability to, for example, retrieve the total number of events of the run or
the total energy deposited in the detector at the end of the run.
Event Action
G4UserEventAction is a class that allows control to be gained at the beginning and
end of each event.
Stepping Action
G4UserSteppingAction is the class that allows retrieval of information at the level
of the step. At this level, the user is able to retrieve the energy loss of the particle
during the step, the kinetic energy and momentum of the particles, etc.

2.7.3

Visualisation in Geant4

GEANT4 provides visualisation interfaces that allow the user to visualise the geometrical configurations of the experimental setup as well as the tracks of the particles
as they pass through the defined volumes. The tracks of particles are, by default,
coloured relating to their charge. Neutral particles are green, negative particles are
red and positive particles are blue. The visualisation characteristics of the geometry
are defined at the level of the logical volumes.
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Chapter 3
PIN Diode Simulations
3.1

Introduction

In this chapter I describe the Geant4 simulation I developed to characterise the
response of silicon PIN diodes exposed to neutron fields in a lucite phantom outside
the primary treatment volume. The beam energy used throughout this investigation
was typical of therapeutic proton beam (150 MeV) and the results deriving from the
simulations were analysed in terms of displacement KERMA (introduced in chapter
2.
Geant4 simulations were developed and utilised to investigate the secondary
neutron fluence generated by the proton beam at various out-of-field positions along
the Bragg Curve, and the impact of increasing distances from the edge of the primary
beam.

3.2

Monte Carlo Study

Lucite has been chosen as the phantom material as it is the common material used
in hadron dosimetric measurements and the typical phantom used in proton therapy
investigations as supported by Dowdell et al [54].
Dowdell et al [54] conducted an investigation to determine the suitability of
various phantom materials, including lucite, solid water and A150 tissue equivalent
plastic for proton therapy dosimetry. This study specifically targeted the production
of secondary neutrons, ultimately highlighting the fact that different compositions
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of carbon and oxygen that make up the phantom material strongly effects the production of secondary neutrons.
Results for neutron absorbed dose and equivalent dose showed that no phantom
material agreed within 5% of tissue. However lucite was selected for consistency
with previously performed experiments.
The physical size of the PIN diodes is 1 x 1 cm2 with a sensitive volume thickness
of 300 µm, such a detector thickness provides high spatial resolution [34]. The
secondary neutron fluence was scored in the silicon PIN diodes placed throughout
the lucite phantom volume.
The simulated detector positions were separated into three discrete series; X1,
X2, X3. All positions are situated outside the primary field and are a function of
depth, Z, along the axis of the beam. Knowing the depth of penetration in lucite
for a 150 MeV proton beam to be 13.6 cm, a detector was placed every 3.4 cm (as
illustrated in figure 3.1), thus the final detector is situated directly over the Bragg
Peak, the region where the proton beam deposits the majority of its energy. Series
X1, X2 and X3 vary in lateral depth from the primary beam, X1 is positioned 2 cm
from the edge of the primary field, X2 is 5 cm and X3 is 10 cm out-of-field. The
experimental set-up of the GEANT4 simulation is shown in figure 3.2, it represents a
basic schematic communicating the positioning of the various detectors with respect
to the primary proton beam.
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Figure 3.1: Schematic of detector positions used throughout the Monte Carlo simulations. The figure illustrates the position of each detector relative to its position
along the Bragg Curve. Note the position of detector 4 is situated directly over the
Bragg Peak. The separation distance between each detector is 3.4 cm
The illustration in figure 3.2 maps out the locations of all 12 silicon detectors,
X1 series is located 2 cm from the distal edge of the primary beam, X2 is situated
5 cm and X3 is 10 cm from the edge of the primary field. Each X series was simulated separately with the four detectors, Z1-Z4, modelled in every simulation. The
detectors were positioned in the same way as they would be used in an experimental
setting.
Figure 3.3 shows the experimental setup of the simulation in terms of the geometry and particle tracks.
The primary radiation field is a 5 × 5 cm

2

proton field generated 1 cm outside

the lucite phantom. The initial energy of the beam is 150 MeV and is normally
incident on the phantom. Beam modifying devices have been omitted from the
simulation set up since the primary purpose of this study is to analyse internally
generated secondary neutrons only. A monoenergetic beam of 150 MeV is ideal for
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Figure 3.2: Schematic of simulation set-up.

such an investigation as it is the typical energy of a therapeutic proton beam and
is used in locations including paediatric medulloblastoma, brain tumours and spinal
cord treatment sites.
The secondary neutron fluence was scored in the detector volumes. The diodes
tallied the number of incident neutrons into discrete bins depending on their incident
energy. As a neutron enters the detector, its kinetic energy (En ) is scored and
sequentially binned in the respected energy bin. The energy range if from 0 MeV
to 150 MeV with each bin 1 MeV wide. This form of event inventory generated an
energy spectrum relating the fluence of secondary neutrons and their incident energy.
The consequential secondary neutron energy spectra are then used to determine the
displacement KERMA.
The interactions of primary and secondary particles were described using the
QGSP BIC GEANT4.9.2 physics list, as it has been shown that this physics list is
the most accurate for use in the proton therapy case [50]. Section 2.7.1 explains in
more detail the choice of such physics list.
To improve the efficiency of the simulation and reduce computation times specific
range cuts were set in place for certain regions. The default cut value is named within
39

Figure 3.3: Geant4 Visualisation for my Out-of-Field simulations, incoming blue
lines represent the incident positively charged particles (150 MeV proton beam), the
green lines represent the neutrally charged secondary particles (in this case neutrons
and photons) while the red represents both the subtraction square geometry and
the simulated silicon diodes (as marked on the illustration above). The black box
represents the world volume of the simulation that is constructed from lucite.
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the physics list and is applied to the region surrounding the detectors as specified
in the Detector Construction. The cuts provided for this region are given a value of
1 mm.

3.3
3.3.1

Results
Determination of Secondary Neutron Fluence

The results of the GEANT4 simulations show the fluence of secondary neutrons in
the silicon diode volume as a function of distance from the incident proton beam.
The energy of the secondary neutrons ranged from < 1 MeV up to the maximum
energy of the incident proton beam (150 MeV).
Figure 3.4 shows the secondary neutron fluence results, expressing the data plots
for a 5cm × 5cm proton field at of 2 cm, 5 cm and 10 cm out-of-field respectively.
Measurements were completed in four distinct positions along the Bragg curve, with
particular interest being placed directly at the Bragg peak (13.6cm depth in lucite
for 150 MeV proton). The fluence collected in each detector is normalised to the
number of neutrons per incident proton per cm2 . The three detectors, Z2, Z3 and
Z4 generated similar fluence energy spectra, while a clear minimum was observed in
detector Z1; an observation that is consistent throughout all three lateral depths.
The neutron fluence reached a maximum in detector Z3 at the Bragg peak, results
that are consistent with the dose deposition of a proton beam. As the primary
protons slow down in a medium their LET increases leading to an increase in the
relationship between the interaction cross-section and proton energy [24]. For the
beam energy used in these simulations (150 MeV), the interaction probability peaks
slightly proximal to the Bragg Peak, thus yielding slightly higher neutron fluence in
detector position Z3.
The fluence of secondary neutrons in the patient is strongly dependent on the
proton beam energy. The higher the energy of the incident protons the greater the
maximum possible energy of the secondary neutrons. However the average neutron
energy remains near 1 MeV for all positions.
As stated in section 2.5, this study simulated silicon PIN diodes and their outof-field response to secondary particle radiation. These simulations show that the
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vast majority of secondary neutrons have energies that are less than 20 MeV with
approximately 45% having energies below 10 MeV and 33% below 5 MeV. Since
neutrons act mainly by liberating protons via nuclear interactions, the higher the
collision probability the larger the dose deposited by nuclear recoils.
For the lower percentage of secondary neutrons incident on the detector with
energy higher than 20 MeV, the error experienced slowly increased from 5% up to
approximately 10% for energies less than 50 MeV.
The plots in figure 3.5 display the results for the 3.4 cm, 6.8 cm, 10.2 cm and
13.6 cm detectors respectively to determine the effect of the distance between the
detector and the incident beam in the fluence of the secondary neutrons.

(a) Secondary neutron spectra for the detector series place 2cm from the edge of
field. The distances simulated along the Bragg curve was 3.4cm, 6.8cm, 10.2cm and
13.6cm, represented by the black, red, blue purple plots respectively.
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(b) 5cm From Edge of Field

(c) 10cm From Edge of Field

Figure 3.4: Secondary Neutron Energy Spectra as measured, out-of-field, by the
silicon PIN diodes from a 150 MeV incident proton beam. Representing a) 2 cm
from the edge of the incident beam, b) 5cm and c) 10cm out-of-field from the primary
beam edge.
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(a) Z1 - Secondary neutron energy spectrum for the detector positioned at 3.4 cm
along the proton depth dose profile and increasing distance from the edge of the
primary field

(b) Z2 - Secondary neutron spectra for the detector positioned at 6.8cm along the
depth dose profile. As labelled the blue line represents the detector 2 cm out-of-field,
while the detectors placed at 5 cm and 10 cm out-of-field are represented by the red
and black plots respectively.
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(c) Z3 - Detector positioned at 10.2cm along the Bragg curve.

(d) Z4 - 13.6cm Bragg Peak

Figure 3.5: Represents the difference in energy fluence with respect to the position
of the silicon PIN diode along the Bragg curve; Z1 characterises the neutron energy
fluence experienced 3.4 cm from the entrance of the beam into the phantom, Z2 &
Z3 display the fluence collected at 6.8 cm and 10.2 cm, respectively, Z4 represents
the fluence experienced 13.6 cm along the Bragg curve, the position of the Bragg
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Peak.

Figure 3.5 illustrates the expected trend of increasing distance between the detector and incident beam reduces the fluence of secondary neutrons. Indicating that
the closer the detector is to the field edge, the larger to likelihood of experiencing secondary neutrons. The results also suggest that the majority of secondary
neutrons are forward scattered, this is supported by previous studies conducted by
David J. Brenner et al. [20].
The number of incident protons directed towards the lucite phantom for each
simulation was 108 . This amount of primary particles were deemed to be sufficient
for this investigation as it provided a statistical error of less than 5% for neutron
energies below 20 MeV.
The uncertainty calculations within this simulation is a result of the square of
p
the number of counts (entries), (N ) evident in each bin [46]. Knoll [46] states
that it is conventional to quote the “uncertainty” of a single measurement as simply
p
one value of the standard deviation σ, therefore σ = (N ) is the best estimate of
the deviation from the true mean that should represent a single measurement, N.

3.3.2

Determination of Damage KERMA

To determine the displacement KERMA in the silicon diodes, the secondary neutron
energy spectra and respective displacement damage cross section must be known,
as explained in chapter 2.
Figure 3.6 represents the induced neutron displacement damage cross section in
silicon for kinetic energies between 0 and 150 MeV as developed by A. Vasilescu and
G. Lindstroem [57]. The methodology on obtaining displacement KERMA has been
previously explained in chapter 2, section 2.5.2.
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Figure 3.6: Neutron induced displacement damage in Silicon. Displacement damage
cross-section, D, is used to describe the damaging effects of energetic particles (in
this case neutrons) in the bulk of silicon diodes. D is generally quantified in [MeVmb]
and for 1 MeV neutrons is set as a normalising value of 95 MeVmb. Thus the data
used in this plot are the normalised values D(E)/95 MeVmb. [57]
The secondary neutron energy fluence was taken and equated with the relevant
displacement KERMA factors with the same energy range (0-150 MeV). Corresponding KERMA factors and the fluence of neutrons at that energy were multiplied
together to achieve the displacement KERMA of the neutrons at that particular energy. This process was completed for all the energy bins in the detector until all the
relevant products of KERMA factors and neutron fluence were complete. Then, all
the separate displacement KERMA values for each energy bin were added together
(represented by the integral in equation 2.7) to generate the overall displacement
KERMA for that detector. This process was repeated for every detector in each
position (figure 3.2) and the results are shown in figure 3.7.
The results show that the maximum displacement damage occurs in the region
prior to the Bragg peak. This can be primarily attributed to the behaviour of
protons as they approach their maximum range. As they reach their range of 13.6
cm in lucite and suddenly slow down, the vast majority of their energy is released.
Thus, resulting in the production of secondary neutrons via nuclear interactions.
These results also indicate that KERMA steadily decreases with increasing distance
from the incident radiation field.
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Figure 3.7: Displacement KERMA of Silicon PIN diodes situated out-of-field (OOF)
in a proton beam irradiation at various positions. Increased KERMA with increasing
proximity to the edge of the field as well as proximity to the Bragg Peak region.
The data represented in figure 3.7 has been normalised to the fluence of neutrons
per incident proton, producing the final units of KERMA Gy/(proton · cm−2 ).

3.4

Conclusion

This simulation study characterises the response of PIN diodes out-of-field by neutrons generated by a primary proton beam. The large deposition of energy from the
primary beam as the protons approach their maximum range in lucite is responsible
for the increase in secondary neutron production in this region.
This study has illustrated that secondary neutron fluence decreases with increasing lateral distance from the edge of the incident field. The overall shape of
the fluence spectra is similar for all detector positions but the out-of-field secondary
neutron fluence increases with increasing proximity to the Bragg Peak, with the
overall peak of fluence occurring proximal to the Bragg peak region. The average
energy of the secondary neutrons incident on the detectors was 1 MeV.
As proved by Brenner [20], secondary neutrons are forward scattered in a proton
beam (i.e. scattered in the same direction as the primary beam). Therefore, neutron
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fluence drops in number in the detectors further upstream from the Bragg peak more
rapidly in comparison to those proximal to the Bragg peak.
The results demonstrate displacement KERMA decrease with increasing distance between the detector and the edge of the field. Such a result is expected as
displacement KERMA is directly related to secondary neutron fluence.
Therefore by simulating the response of silicon PIN diodes as a function of distance from the edge of the primary field, and concluding the reduction of fluence with
increased depth, it can be seen that the adverse risk posed by secondary neutrons
to tissue decreases with increasing distance from the primary field and treatment
site. In the future, the simulation study should be extended to also examine the
out-of-field response to primary protons.
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Chapter 4
∆E - E Telescope Detector
4.1

Introduction

This chapter is dedicated to the Geant4 simulation application I developed to characterise the ∆E-E telescope detector (as described in chapter 2.6) for proton therapy
In this thesis, simulations of the ∆E-E telescope were carried out for proton
energies that are of interest in proton radiation therapy, i.e. 100 MeV and 150 MeV.
The results of the simulations are a two-dimensional plot that map energy deposited in the ∆E detector against the total energy deposited in the ∆E+E detectors. This plot will be unique to the charged particle(s) that make up the incident
radiation field.
Throughout this chapter, an introduction to the purpose of investigating the
∆E-E telescope detector and the testing of the Geant4 application will initially be
established. Followed by the verification of the Monte Carlo code where results
characterising the detectors response to a 100 MeV proton beam are presented. The
100 MeV simulation results will be compared qualitatively to previous experiments
conducted by A. Wroe et al [58] at LLUMC with the 100 MeV proton irradiation.
The incident beam energy is then increased to 150 MeV and the response once again
presented.
Further quantitative comparisons between experimental and simulation results
are recommended for future studies.
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4.2

∆E-E Monte Carlo Application

In the Geant4 simulations conducted in this chapter I modelled the ∆E-E telescope
as a two silicon block detector configuration. The ∆E detector had a thickness of
1µm, while the E-detector is 500µm thick. The sensitive region of the telescope
detector has an area of 1 mm2 . Collectively, a detector this size has the ability to
stop normally incident protons with an initial energy of 8 MeV and alpha particles
that have an energy of 32.5 MeV alpha [58].
The incident proton beam utilised throughout the ∆E-E telescope simulations
was a pencil beam directed normally towards the lucite phantom.
Protons that enter the detector at oblique angles will deposit more energy in the
∆E detector than one entering nominally. This effect, however, is not investigated
in the scope of this thesis as the primary aim of this study is to validate the Monte
Carlo application. Such investigations involving the incident angle of protons should
be investigated in future studies.

4.2.1

∆E-E Simulation Study

A Monte Carlo investigation into the response of a ∆E-E telescope detector was conducted in-field and compared to existing experimental data to validate the Geant4
application. At present, there is no out-of-field experimental data using a ∆E-E
telescope detector. Development of the Geant4 application uncovered in this chapter provides a qualitative comparison between in-field experimental and simulation
results.
Studies into the response of this detector out-of-field are of particular interest.
However, before a code can be applied to unknown domains it must first be justified
and supported by existing data that is known to be correct. Therefore, the investigation in this thesis covers the primary testing of the ∆E-E telescope detector
Geant4 code and verification with known experimental data. Once the application has been validated, more extensive studies involving angular dependence of the
incoming radiation and out-of-field studies can be accomplished.
Multiple detectors, such as the ∆E-E telescope detector, are used in coincidence
to reduce background interference from other unwanted reactions and events. The

51

Monte Carlo application code for this detector arrangement is simulated so that it
only accepts events that occur in coincidence between the ∆E and E detector, thus
providing a corresponding measurement for each incident particle of dE/dx and E.

As a result of the varying thickness between the two detector stages, information
is gained relating to the nature of the beam. As the particle traverses the ∆E
stage, information is obtained relating to the stopping power of the particle. This is
achieved via the amount of energy deposited by the particle in this stage alone. The
amount of energy deposited in the E detector stage, combined with the information
gained in the ∆E stage will allow the information of the initial energy of the particle
to be obtained.
This process will also ultimately allow for the identification of recoil protons as
well as other secondaries produced. While travelling through the lucite phantom,
protons experience interactions creating secondary particles. The vast majority of
the secondaries experienced in field are nuclear recoils.

	
  

Figure 4.1: Measurement positions along the 100MeV pristine proton Bragg peak.
The detectors are placed in a homogenous lucite phantom. This Bragg peak was
obtained by means of Geant4 simulation.
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Figure 4.2: Measurement positions along the 150MeV pristine proton Bragg peak.
The detectors are placed in a homogenous lucite phantom.
To investigate the response of the silicon ∆E-E Telescope, various positions along
the Bragg Curve were modelled for both energies. Figure 4.1 illustrates the position
of each detector with reference to the Bragg peak for the 100 MeV proton beam,
while figure 4.2 is a schematic of the detector positions utilised when studying the
150 MeV proton beam. The Bragg peaks shown in figures 4.1 and 4.2 were both
calculated by means of Geant4.

Implementing various detector positions along the Bragg curve provides information on the energy deposition as a function of position, with more focus being
placed on the measurements surrounding the Bragg Peak. Data was also collected
behind the Bragg Peak so as to observe the behaviour of protons and its secondaries
beyond their maximum range. The incident radiation field is composed of normally
incident, monoenergetic protons.
The proton beam is a pencil beam generated at a distance of 5mm outside the
lucite phantom, the pencil beam is directed towards the phantom so as to strike
it orthogonally. The number of incident protons directed at the phantom was 1
million per simulation, 10 simulations were performed for each detector position,
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thus reducing computational time (via parallelisation) and statistical error.
The ∆E-E simulations adopted the same physics list as when characterising the
silicon PIN diode response as described in section 3.2. This is because the application circumstances are the same in terms of incident radiation field.

The cut value appointed in the detector volume and the surrounding region was
1µm. The threshold of 1µm in silicon corresponds to a secondary electron energy
of less than 1 keV, which is the limit of validity for the standard electromagnetic
physics package. Therefore, use of a smaller cuts value would be ineffective as the
physics models below this energy are no longer valid.
The world volume was assigned a cut value of 1 mm. This larger cut value allowed shorter execution times without compromising the accuracy of the simulation
results as interest is focused on the events happening within the detector and not
the events surrounding it.

The energy deposition in the telescope detector is collected in coincidence. When
a particle deposits energy in both the ∆E and E stages of the detector it is said to be
in coincidence, such an event is the only depositions tallied and contributing to the
response of the detector. The deposition associated with an incident particle includes
both the energy deposited by the particle itself as well as the energy deposited by
the secondary particles it generates inside the detector.

4.2.2

Event Detection in the Telescope Detector

The Sensitive Detector class utilised in these simulations deals with the energy deposition of all the particles interacting with the detector. A hit collection method
is developed to store the information of the hits in regards to the energy deposited
within the ∆E and E detector volumes. In the Sensitive Detector, the ∆E detector
volume is given the name V1 while the E detector volume is denoted by V2. ProcessHits is the method used throughout the ∆E-E detector simulations to collect
the hits, HitCollection is then filled with the appropriate information relating to the
track ID, parent ID, energy deposited (in keV) and the volume that the energy was
deposited in. If the particle is a secondary that has originated in the silicon detector
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its energy deposition is associated with the energy deposition of the parent. The
energy deposited in the ∆E and E detectors are only registered when they occur in
coincidence.

Throughout the telescope simulations, the results are stored in ntuples saved
in the output file results.root. The ntuple is used to store the results so that are
be easily accessible and where the data can be manipulated , plotted and fitted.
The Analysis Manager class manages the output of the simulation, i.e. the energy
deposition in the telescope detector volumes. The result.root file is generated at the
beginning of the run and is terminated at the end of the run.
Ntuple2 contains the energy deposited in the detectors while ntuple1 contains the
cascade information (including the secondaries produced, parent ID and track ID).
Ntuple2 only contains information about the secondaries that are generated from
interactions of the parent inside the detector. Ntuple1 contains the track structure
for each event that occurs as a result of the parent interactions, the ntuple1 is filled
by way of the Stepping Action class using the command [FillParticleInfotrackID
parentID)].
Ntuples are created at the beginning of each event, filled with the appropriate
information (track structure, parent ID) and deleted at the end of each event, so to
optimise memory space and the speed of the simulation. At this stage, the sensitive
detector is used to retrieve the parent ID. This is done to see whether the particle
depositing energy in the detector is a secondary that has been generated inside the
detector volume or whether it is a particle that is incident on the detector. If the
secondary particle has originated within the detector, its energy is coupled with the
parent of the secondary cascade. Alternatively, if the particle is one that is incident
on the detector from outside, its energy is treated as an independent event.

At the end of the simulation, EndOfEvent analyses the hit collection. By looking
at the track ID, information can be obtained that relates to the secondary particle
and its origin. If the track ID suggests the energy deposition is associated with
an incident particle, then the parent can be retrieved via RetrieveParentInDetector
(through the use of track ID) to verify whether the secondary particle is a result of
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a secondary cascade that has originated within the detector.
If it is seen to be involved in a secondary cascade (as told by the track ID) the
system will return the track ID of the parent of the cascade. Hence relating the
secondary particle back to the original particle that created it. If the particle is not
related to a secondary cascade, the system will return a track ID of the secondary
itself and it will be considered an independent particle.

When the events are over, the information retrieved is stored in the ntuple and
further analysed using ROOT to produce coincidence plots.

4.2.3

Silicon Telescope Detector - Validation of the Geant4
application

To ensure the Telescope Monte Carlo simulation code was operating as expected,
the first simulations conducted aimed at testing basic operations. To validate the
code, the telescope detector was set in a vacuum. Monoenergetic proton beams,
with initial energies between 1 and 150 MeV, were directed at the detector. Every
proton beam energy was individually simulated, the first beam energy investigated
was 1 MeV. A 1 MeV monoenergetic (pencil) proton beam, consisting of 1 million
primary particles, was normally incident on the telescope detector. For this particular investigation, the detector was placed in a vacuum to ensure the primary
protons did not lose any energy prior to striking the detector. The primary protons
were tracked as soon as they entered the detector, their energy deposition in the
∆E stage was recorded separately to the energy deposited in the E stage of the
telescope detector. The energy deposited in the ∆E stage was graphed against the
energy deposited in both the ∆E and E stage added together. Presenting the data
in this way will the linear energy transfer (LET) of the incident beam as well as the
initial energy of the beam. This process is repeated for a range of monoenergetic
proton beams, peaking at 150 MeV.
Figure 4.3 portrays the energy deposition of incident protons in the ∆E detector
versus energy deposited in both the ∆E and E detector for all of the initial energies
used. It is known that the size of the detector used, as previously stipulated to
be 501µm, will completely stop an incoming proton of energy 8 MeV or less, thus
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depositing its entire energy within the telescope detector. Hence for all protons 8
MeV or less, the addition of the energy deposited in ∆E and E detectors will add to
give the initial energy of the proton. Protons that have energies higher than 8 MeV
will not come to a complete stop within the telescope detector, rather depositing
only part of its energy as it traverses the detector. The more energetic the proton,
the less energy deposited as it travels through the detector, this notion is also seen
in figure 4.3

!

Figure 4.3: This figure displays measured simulation results revealing the energy
deposited by incoming protons for 15 separate monoenergetic beams. The plot
clearly illustrates that a proton of energy 8 MeV deposits the most amount of energy
in the silicon telescope detector, behaviour that agrees with expectations and is
discussed further in section 4.2.3.
The same process, as described above, was implemented for incoming alpha
particles. A similar trend was witness, as expected, with a 30 MeV alpha particle
or less being completely absorbed within the detector.
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Figure 4.4: This graph illustrates the energy deposited in both the ∆E and ∆E+E
stages of the telescope detector when places inside a vacuum. An alpha particle with
initial energy of 30 MeV or less will be completely absorbed within the telescope
detector. Alpha particles that are more energetic than 30 MeV will pass through the
detector, only depositing some of its energy as it traverses the telescope detector.
For both cases of proton and alpha particles, the expected range and stopping
power for each particle was assessed using data from the NIST website, [59] and
[60].

4.3

Analysis of Results

Results for the ∆E-E telescope simulations were analysed using ROOT [61]. ROOT
was developed for the purpose of data analysis at CERN (European Council for
Nuclear Research) in Geneva, Switzerland. It is used heavily in High Energy Physics
and provides users with appropriate tools to build a full data analysis environment.
ROOT is written in C++ and can be integrated easily in Geant4 simulations.
Response to 100 MeV Proton Field
The datas plots seen below represent the particle LET on the y-axis against the total
energy deposited in the ∆E and E stages summed together on the x-axis. The first
beam energy investigated is a monoenergetic 100 MeV proton pencil beam. A series
58

of measurements were completed to evaluate the changing spectra as a function of
position along the Bragg Curve for a 100 MeV proton beam. The results are plotted
in figures 4.5 - 4.8 and correspond to different ∆E-E telescope detector locations
along the Bragg curve within the lucite phantom.
The colour scale situated on the right hand side of plots indicates the number of
particles at that particular position, i.e. a frequency bar. The resultant plots seen
here were determined using 1 million primary particles.
Detectors were placed at seven separate locations along the Bragg curve (as seen
in figure 4.1) with emphasis being placed around the Bragg peak region. The first
detector was placed at a distance of 3 cm along the central axis, 4.25 cm prior to the
Bragg peak. The detector in this location (figure 4.5) experienced a large amount of
energy deposition in a discrete locality, implying that the vast majority of incident
protons at this point in time have a similar energy. This distinct location of energy
deposition is also indicative of the protons still possessing an energy similar to that
of the incident energy (100 MeV). These protons are too energetic to be stopped
by the telescope detector and thus only deposit small amounts of energy as they
traverse the detector. The total energy deposited by the incident protons in this
detector was approximately 800 keV. The subsequent two detectors, placed at 4 cm
and 6 cm (figure 4.5), experienced similar energy deposition to that of the previous
detector placed at 3 cm. A distinctive proton characteristic is that the proton retains
the vast majority of its energy until just before its maximum range, where it then
deposits all its energy in a discrete region. Hence, it is expected that the energy
deposited in the detectors placed at these two positions increases only slightly in
comparison to the detector prior, as seen in the plots. The total energy deposited in
the detectors was 950 keV and 1250 keV (1.25 MeV) for 4 cm and 6 cm respectively.
The LET observed in the three detector positions prior to the Bragg peak is 0.8
keV/µm, 1 keV/µm and 2 keV/µm for the detectors placed as 3 cm, 4 cm and 6 cm
respectively. The LET signal produced in these detector positions were consistent
with expected LET values calculated using data obtained from the PSTAR-NIST
website [59] displayed in table 4.1.
The detector at 7 cm along the central axis of the incident beam, 0.25 cm prior
to the Bragg peak shows a significant shift in the energy deposition characteristics.
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The energy spectrum in this detector illustrates that the incident protons begin to
slow down and consequently the energy deposited increases. The protons have not
yet reached their maximum range and the incident protons are still too energetic to
be stopped by the detector. However, they have been sufficiently slowed down to
deposit larger amounts of energy then previously seen. The total energy deposited
in this detector position was centred around 2 MeV with an LET of approximately
5 keV/µm.
Figure 4.8 depicts the response of the detector was positioned at 7.25 cm, the
Bragg peak. The energy deposition attributes for this location varies greatly from
the previous detectors. This is a direct result of the changing properties of the
radiation field. The proton locus is now visibly present and is a clear indication
that the protons have reached their maximum range. The protons incident on
this detector are drastically slowed down as they traverse the telescope detector
and hence deposit large amounts of energy. LET events are clearly evident in this
detector position that were not detected in previous detector positions, supporting
the notion of high LET events prior to the Bragg peak. The total energy deposited
in this detector location is no longer centralised around a discrete position, instead
it presents a band of energy from 3 MeV up to the maximum energy possible in this
detector, 8 MeV. The main component of the deposited energy displays an LET of
approximately 15 keV/µm.
The final three detector positions are located along the distal edge of the Bragg
peak and at the base of the distal edge, 7.35 cm, 7.45 cm and 7.5 cm respectively.
The detector placed at 7.35 cm is characterised by high LET events with the bulk
of the events carrying an LET of approximately 15keV/µm, the energy deposition
tail is also still present in this region of the Bragg curve. The detector situated at
7.45 cm sees a significant drop in the frequency of counts evident in the detector,
however the overall shape of the energy spectrum remains the same with an LET
range primarily below 15keV/µm. The final detector positioned at the base of the
distal edge presents a very low number of incident events. The events evident in
this detector are assumed to primarily be nuclear recoils resulting from secondary
neutrons.
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Figure 4.5: Coincidence energy spectrum for ∆E-E detectors placed at 3 cm, 4
cm, and 6 cm along the central axis of the proton beam. Displays similar energy
deposition within the detectors placed preceding the Bragg peak. The colour scale
on the side of the plot signifies the number of neutrons detected at that energy.
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Figure 4.6: The above two plots represent the energy spectra for a) 7 cm depth
and b) 7.25 cm depth (Bragg peak). The difference in the spectra before and over
the Bragg peak region is clearly shown in the plots. The colour scale illustrates the
frequency elastically scattered recoil protons at the specific energy.
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Figure 4.7: a) is positioned at 7.35 cm depth, b) positioned at 7.45 cm depth along
the central axis, both positions lie beyond the Bragg peak and thus their spectra
resembles the same profile as the detector placed over the Bragg peak region, with
the most apparent variation existing in the number of particles detected.
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Figure 4.8: Energy spectrum for the detector positioned at the distal edge of the
Bragg curve, 7.5 cm, has the same shape and the three previous detectors, however
the frequency of particles has dropped dramatically (as seen by the colour bar).
As the particle traverses the medium and are slowed down, the amount of energy
deposited increases. Therefore, the energy deposited in both the ∆E and E detector
stages increases sequentially.
These results are a clear indication that the LET of a proton increases with
increasing depth. This is largely supported by the trend of increasing energy deposition within both detector stages as the distance along the central axis of the
beam increases. The central ’hot spot’ of energy in the locus also spreads as the
protons approach their maximum range in lucite. The increased distribution is a
consequence of scattered protons inside the phantom that are apparent as a result
of interactions with the phantom material.

Table 4.1 summarises the calculated LET values for 100 and 150 MeV proton
beams prior to the Bragg Peak for the detector positions employed throughout this
thesis. Appendix B details how these values were found using the values stipulated
by ICRU [18]. It must be stated that the ICRU calculations utilised the continuously
slowing down approximation (CSDA) as it traverses the lucite phantom. It must be
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Table 4.1: Expected LET for various detector positions. See Appendix B
Energy of Beam
Detector
Stopping Power
LET
(MeV)
Position (cm)
(MeVcm/g)
(keV/µm)
150
3
4.839
1.128
150
10
7.543
1.758
100
3
7.491
1.725
100
4
8.578
1.998
100
6
15.65
3.646

stated that the calculations do not consider the possible events of multiple scatter
and straggling, modelled the Geant4 simulations.
Response to 150 MeV Proton Field
The next beam property investigated was a monoenergetic proton beam with energy
150 MeV. The conditions of the simulation are the same as described for the 100
MeV beam study. Only variation is the energy of the incident proton field being
changed to 150 MeV. The images displayed in figures 4.9-4.12 demonstrate the
various data plots obtained in each detector position (shown in figure 4.2). The
simulation results obtained for the 150 MeV proton beam show very similar traits
to the data obtained for the 100 MeV incident beam. The similarities exist in the
expected trend of increasing energy deposition with increasing distance along the
Bragg curve.
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Figure 4.9: The above three coincidence plots represent detector positions upstream
from the Bragg peak, 3 cm, 10 cm and 14 cm for a), b) and c) respectively. All three
plots demonstrate discrete locations of energy deposition as the incident protons are
still too energetic to be stopped inside the telescope detector.
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Figure 4.10: The above two plots represent a) the region just prior to the Bragg
peak positioned at 14.5 cm and b) the region of Bragg peak positioned at a depth
of 14.85 cm.
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Figure 4.11: a) represents the energy deposited in the detector positioned just after
the Bragg peak, 14.95 cm. b) is the energy deposited in the ∆E-E telescope detector
positioned at 15 cm.

68

1

Δ E Detector (keV)

100
90

0.9

80

0.8

70

0.7

60

0.6

50

0.5

40

0.4

30

0.3

20

0.2

10

0.1

0
0

1000

2000

3000
4000
5000
6000
Δ E + E Detector (keV)

7000

8000

9000

0

(a) 15.5cm

Figure 4.12: Data plot illustrating the energy deposited in the ∆E-E telescope
detector positioned at 15.5cm Figure shows vastly reduced energy deposition in this
region.
The first detector analysed for the 150 MeV incident beam was placed at a depth
of 3 cm along the central axis. This detector, in accordance with the same detector
position for the 100 MeV investigation, experienced energy deposited in a discrete
location. The total deposited energy in this detector was 500 keV with an LET
of 0.8 keV/µm. This small amount of energy deposition suggests the protons are
too energetic to be stopped by the detector at this position. Since the protons
path is barely disturbed by the presence of the telescope detector, minimal energy
is deposited. The subsequent detector is positioned at 10 cm along the central
axis. This detector position still precedes the Bragg peak region and thus presents
corresponding energy deposition attributes to its previous detector. The total energy
deposited in this ∆E-E detector was 750 keV which is only a slight increase in
comparison to the detector positioned at 3 cm. The LET experienced in this detector
was approximately 1 keV/µm. The LET values attained by these two detectors
correspond to the expected values displayed in table 4.1, however the values are
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slightly lower than expected which is mostly likely due to the assumptions made
when calculating the expected values, as described previously in this section.
The two successive detectors are still prior to the Bragg peak region, at 14 cm and
14.5 cm. However they portray differing characteristics to previous spectra. These
detectors are situated at a closer proximity to the Bragg peak and thus the primary
protons incident on these detectors are less energetic, hence will begin to be slow
down in the phantom. This is evident in the broadening of the energy distribution
from the discrete energy deposition to a more spread out distribution and is a result
of straggling and scattering. The total energy deposited within the first of the two
detectors (14 cm) peaks at approximately 1.7 MeV, while the detector placed at 14.5
cm has a total energy deposition of 2.3 MeV. The LET evident in such detectors is
seen to slightly increase in comparison to the first two detector positions, however
it is still comparable with an experienced LET of approximately 1.8 keV/µm and
2.5 keV/µm, for 14 cm and 14.5 cm respectively.
For an incident proton beam of 150 MeV the Bragg peak occurs at 14.85 cm
in lucite, therefore the next detector was placed at this exact position. The locus
produced by the incident protons appears increasingly spread out along the Bragg
peak, a result of energy lost from straggling and the multiple coulomb scattering
of protons. At the position of the Bragg peak the energy deposition spans from
2.5 MeV to the maximum energy possible in this detector of 8 MeV. The energy
spectrum for this detector position develops a tail that largely consists of high LET
events that are not evident in preceding detector positions. The vast majority of
the events seen in this detector hold an LET of approximately 10 keV/µm.
The final three detector positions simulated for the 150 MeV proton beam were
situated along the distal edge of the Bragg peak and at the base of the distal edge,
14.95 cm, 15 cm and 15.5 cm respectively. The energy deposition experienced along
the distal edge of the Bragg peak has similar traits to the Bragg peak region, however the intensity increasingly diminishes. High LET events are evident within both
detectors, the average LET for the detector placed at 14.95 cm was 10 keV/µm,
while the LET experienced in the detector placed at the depth of 15cm was approximately 9 keV/µm. The detector placed at the base of the distal edge, 15.5
cm, experienced very few interactions with minimal energy deposited within this
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detector, as expected.
Throughout every plot for each detector position there is a distinct low energy
cloud evident. This is a result of the low energy δ-electrons striking the detector.
These secondary δ-electrons have been generated in the phantom material and enter the telescope as a separate primary particle. Since these particles are very low
energy, they deposit all their energy within ∆E-E telescope and thus come to a
complete stop within the detector.

The data signals produced in these detectors are fashioned by energetic protons
depositing discrete amounts of energy in both the ∆E and E stages. The protons
do not completely come to rest within the detector but are slowed down as they
traverse the detector material. The detectors positioned prior to and at the Bragg
peak for the 100 MeV simulation display a signal that is very similar to the signal
obtained for the detectors at the corresponding positions when investigating the
beam with an incident energy of 150 MeV. The interaction frequency occurring
in the detectors (as shown by the colour bar on the plot) steadily decreases as the
distance of the detector is increased because of beam divergence within the phantom.
Since the initial beam is a pencil beam, i.e. very narrow, it is scattered as a result of
nuclear interactions as it travels through the lucite phantom, therefore reducing the
frequency of interactions in the detectors, particularly those that lie on the distal
edge of the Bragg peak.

4.3.1

Comparison of Results with Experimental Measurements

Previous experiments have been conducted to investigate the suitability of the use
of the ∆E-E telescope in the determination of various particles within a mixed
radiation field. One of these studies was adopted as a reference to validate the
Geant4 simulation. The experiment conducted by Andrew Wroe et al [58] utilised
an unmodulated 100 MeV proton beam incident on a polystyrene phantom where
the ∆E-E telescope was set along the Bragg peak, as shown in figure 4.13. The
beam profile used to obtain the experimental data had a FWHM (full-width half
maximum), typically, greater than 5cm in diameter and therefore was considered
71

per spill "accelerator delivered radiation pulse of approximately 0.3 s duration with a total cycle time of 2.2 s in
duration22! monitored using IC1. Before and during the experiment, regular checks of the beam profile using radiochromic film ensured adequate coverage of the detector volume.
Typically,
at [58].
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quasiuniform
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FIG. 4. Unmodulated and modulated 100 MeV proton depth-dose curves with associated #E − E telescope m

Figure 4.13: Measurement positions along the 100MeV pristine proton Bragg peak
Medical Physics, Vol. 36, No. 10, October 2009

used in the experiment conducted by [58]
A series of measurements were completed to evaluate the differing energy deposition spectra as a function of position along the Bragg curve for a 100 MeV proton
beam. It is stated in [58] that the thickness of the ∆E stage is approximately 1
µm and the E stage is nominally 500 µm, same detector dimensions as simulated in
this investigation. However, the exact thickness of the ∆E stage is not well know
as a result of its very small size. Therefore, an initial value of 1µm was selected for
the preliminary investigations. For future investigations with the ∆E-E telescope
detector, the size of the ∆E stage will be more closely explored.
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However, as stated in section 4.2.1,

the phantom material implemented in the Monte Carlo simulations remains to be
lucite. These two materials, lucite and polystyrene, vary in composition and density.
Lucite is made from 8.05% hydrogen, 31.96% oxygen and 59.99% carbon and has a
density of 1.19 g/cm3 . Alternatively, polystyrene has a composition made of 7.74%
hydrogen and 92.26% carbon and posses a density of 1.06 g/cm3 . The variations in
composition and density will only slight affect the outcome of the results, primarily
relating to the position of the Bragg peak. However, this will not be detrimental
to the overall comparison of the experimental results with the Geant4 simulations.
Future simulations will implement a polystyrene phantom to overcome any slight
variations that may be apparent.
When comparing experimental results to the ideal world of Monte Carlo, there
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are often uncertainties that cannot be avoided. A prime example is comparing coincidence results of the ∆E-E detector and the presence of false coincidences. A false
coincidence is virtually impossible in the simulation realm as each and every step
of every particle is tracked and scrutinised automatically. However in the world of
experimental investigations a false coincidence is very possible. To overcome such
incidents, Wroe et al dealt with it in 2 ways. To minimise the event of a false coincidence the accelerator was run at very low proton fluencies, this was done to avoid
both pile up and false coincidences. The second guard against false coincidences was
exploited in the software and the selection of events. It is understood that through
the combination of a narrow timing window for the selection of coincidence events
and low fluence, false coincidences were kept to a minimum.
Figure 4.15 compares the equivalent detector positions for the experimental and
simulations results.
It was found by comparing the experimental results with the simulations results
that the general behaviour of the curves was in good qualitative agreement. In both
situations the distribution of events move along the ∆E+E response, increasing
energy deposition with increasing depth along the central axis.
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total energy deposited experimentally in this detector was stated to be 3 MeV [75],
which corresponds to 2 MeV of energy deposited in the simulated detector. The
LET events observed in both the simulation and experimental detectors were in
accordance with one another, with only a slight variation of approximately 5 keV/µm
in both detectors which is attributed to experimental error.
Detector position B and the corresponding simulated detector at 7.25 cm (the
Bragg peak region) both indicate a change in spectra. The majority of events in
the simulated detector experienced an LET of 15 keV/µm and an overall deposition
of energy that ranged from 3 to 8 MeV. Theses values were consistent with those
found experimentally which stated LET events of 15 keV/mum and a band of energy
deposited in the range of 3 - 7.5 MeV [75].
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Measurements obtained experimentally for positions C and D found LET events
of approximately 15 keV/mum [75] which was once again consistent with the simulated results. The corresponding detectors, positioned at 7.35 cm and 7.45 cm
respectively, produced events with an average LET also of 15 keV/µm.
The simulated detector response for position 7.5cm is not in good agreement
with the experimental equivalent position E. This is determined by the difficult
positioning of the detector along the base of the edge of the Bragg peak. Thus there
is the possibility of detector misplacement in the experimental measurements. The
positions of the detectors close to the Bragg peak must be defined accurately as
energy deposition can vary significantly in small depth intervals.
Another reason for the observed difference is a result of the increased acquisition
times necessary for this position. Due to the inadequate primary beam statistics
evident in the region beyond the Bragg peak, the required time to achieve such
information is two or three orders of magnitude larger as stated in [58].
Monte Carlo simulations were executed in-field primarily to validate the ∆E-E
telescope detectors application. The simulation investigation improves the understanding of the experiment and is also valid for the optimisation of the detectors.
The simulations agree qualitatively with current experimental results. Advantageous future studies would involve quantitative comparisons between the results,
such investigations go beyond the scope of this thesis.

4.3.2

Conclusion

Monte Carlo simulations were developed and conducted to characterise a ∆E-E
telescope detector in a mixed radiation field in order to investigate the deposition of
energy resulting from incident protons and secondary particles including neutrons
and recoil nuclei. It is known that the ∆E-E telescope detector can provide useful
data relating not only to LET information, but also identification different particles
present in a mixed radiation field. Through the use of the exclusive coincidence
techniques, this telescope device has the unique ability to measure the change in
radiological properties of the radiation field.
The outcome of this detector system produces a two-dimensional plot that illus78

trates a relationship between LET, the energy deposited in the ∆E stage, and the
energy deposited by the particle in both the ∆E and E stages. Thus, collectively
providing information that is essentially a fingerprint of the particle. Particles develop separate loci when plotted on a two-dimensional map. This map is dependent
on the mass and charge of the particle and subsequently allows for the differentiation
between particles, even if they possess the same LET.
The data plots achieved throughout the telescope detector study were consistent
with the coincidence plots found experimentally by Wroe et al. As the primary goal
of this investigation was to validate the Geant4 ∆E-E telescope application, the
consistency between the results affirms the Geant4 application to be correct. Providing a solid base for future studies involving more in-depth analysis of secondary
particles in proton therapy including out-of-field investigations and incident particle
angular dependence.
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Chapter 5
Conclusion
This thesis examined two possible detector solutions to characterise mixed radiation
fields found in proton therapy treatment. Classification of such radiation fields is
essential when considering the present risk of second cancer originating from secondary neutron doses. This study can also shed light on radiation protection issues
where mixed radiation fields are involved, such as aviation and space exploration.
This study focuses on investigations of silicon PIN diodes (Chapter 3) and ∆E-E
telescopes (Chapter 4) by means of dedicated Geant4-based simulations.
It has shown the suitability of silicon PIN diodes in measuring secondary neutron
field produced by the primary proton beam. The results illustrate the fluence of
secondary neutrons effectively decreasing as the lateral distance from the primary
field edge increases. The results also demonstrate the overall shape of the fluence
spectra remaining appropriately similar for the differing detector locations, with the
fluence of secondary neutrons tending to intensify with increasing proximity to the
Bragg Peak region. The observed maximum secondary neutron fluence occurred
prior to the Bragg Peak, this is in accordance with the region in which the proton
loses the majority of its energy as a result of its rapid decrease in penetrating ability,
i.e. the proton is stopped. The results of this investigation shows the fluence reaching
a maximum at a depth of 10.8 cm, with the Bragg Peak occurring at 13.6 cm for a
150 MeV proton beam through a lucite phantom. Figure 3.7 clearly demonstrates
that displacement KERMA also decreases as the distance between the detector and
primary proton field edge increases. This result was expected owing to the decrease
in secondary neutron fluence spectra with increasing distance.
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Advantageous supplementary investigations of this experimental set-up is to
utilise more detector positions along the Bragg curve to gain increased quantitative results relating to the behaviour of secondary particles out-of-field.
For future developments of this study it would be extremely beneficial to simulate, by means of Geant4, the response of PIN diodes to the primary proton field
evident out-of-field. Such information would be useful to compare the dosimetric
contribution deriving from the proton and neutron components of the mixed radiation field.
It would also be beneficial to compare Geant4 simulation results to experimental
measurements performed with PIN diodes to evaluate the accuracy of the simulations.
The investigation involving the ∆E-E telescope examined the energy deposition
in the detector along the Bragg peak curve of a 100 and 150 MeV proton pencil
beam in a lucite phantom, with the aim of characterising the detector response in
a mixed radiation field. The study was conducted for the in-field configuration to
compare the Geant4 simulation results with existing experimental data performed
at Loma Linda University Medical Centre, US. This study showed a good qualitative
agreement between Geant4 and experimental results. For future development of this
work, a quantitative analysis evaluating the agreement is suggested.
The Geant4-based study has illustrated the ability of the silicon telescope to
identify and quantify the change in energy deposition spectra along the Bragg peak
curve. It is observed that the deposition of energy in the ∆E-E telescope detector
increases with increasing distance along the central axis, peaking in the Bragg peak
region as expected. The data plots visibly display a central loci that is a result of
coincident energy depositions of incident protons in the telescope detector. As a
continuation of this work it would be beneficial to study the detector response outof-field, complementing the in-field characterisations performed in this investigation.
This research has also demonstrated the capability of GEANT4, as a Monte
Carlo Code, to characterise novel detectors for proton therapy. One of the future
goals to achieve is the reduction of simulation execution times. In the future it is
highly suggested to investigate techniques that may be implemented to help reduce
computational times when studying out-of-field secondary signals and the use of a
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distributed computing environment to obtain quicker feedback.
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Appendix A
First Appendix
The coding displayed demonstrates how the Monte Carlo application can be programmed to only retrieve neutron interactions. If a proton interactions with the
detector depositing energy, it will not be scored and binned in the results. This is
achieved through the instructions in the code particleN ame == “neutron”, therefore when a proton interaction occurs it will not register in the binned results as it
does not pass the this requirement.
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Appendix B
Second Appendix
The data shown in table 4.1 is calculated by the following procedure, the below
is a worked example for the calculation relating to initial proton energy 150 MeV,
detector position 3 cm, proton range 13.6 cm.
The idea of these calculations is to find the energy of the incident protons at
the entrance to the silicon telescope detector after it has travlled through 3 cm of
lucite. This will ultimatley provide information on the expected LET of the protons
travelling through ∆E-E telescope detector at that particular position.
To do so we use the equation:

S(E0 , E1 ) = Rm (E0 ) − Rm (E1 )

(B.1)

Where E0 is the inital energy of the proton beam, E1 is the energy of the proton
at the certain distance through lucite, Rm (E0 ) is the range of the proton at the
initial energy and Rm (E1 ) is the depth of the detector in the lucite phantom.
Implementing this equation:

S(E150 , Ex ) = 13.6cm − 3cm = 10.6cm

(B.2)

We are working out the energy, Ex , of the proton once it has travelled through 3
cm of lucite. The result, 10.6 cm is then multiplied by the density of lucite to obtain
the range of a proton at this energy in units of g/cm2 , i.e. 10.6 cm × 1.19 g/cm3
= 12.614 g/cm2 . This number is known as the CSDA (continuously slowing down
approach) range, therefore it does not consider multiple scattering and straggling.
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Now, knowing the range to be 12.614 g/cm2 , the corresponding energy can be
found through the use of the NIST database PSTAR: Stopping Power and Range
Tables for Protons [59].

Figure B.1: Screen shot of NIST values of stopping power and range for a 130 MeV
proton through perspex [59].
Therefore the corresponding energy for a range of 12.614 g/cm2 through lucite is
130 MeV. Hence, the energy of the primary protons striking the telescope detector
after travelling 3 cm though lucite is 130 MeV. Knowing the energy of the protons,
it is then possible to deduce the expected LET of the protons as they traverse the
silicon telescope detector. This information, once again, is obtained through PSTAR
[59].

Figure B.2: Screen shot of NIST values of stopping power and range for a 130 MeV
proton through silicon [59].
The corresponding stopping power for a proton of 130 MeV travelling through
silicon is 4.839 MeV cm2 /g. This number must then be multiplied by the density of
silicon, 2.33 g/cm3 , i.e. 4.839 MeV cm2 /g × 2.33 g/cm3 = 11.27487 MeV/cm.
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To then transfer this information into LET, it must be converted into the units
of keV/µm, i.e. 11.27487 MeV/cm = 1.1275 keV/µm.
Therefore the expected LET of an incident proton of energy 150 MeV through
a silicon detector placed at a depth of 3 cm in lucite is 1.1275 keV/µm.
This process is then repeated for all other detector positions used throughout
the simulations of 150 MeV, and all the positions simulated for proton energy 100
MeV.
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